The work presents the results of the investigations of the effect of intensive cooling of alloy AZ91 with an addition of chromium on the microstructure and mechanical properties of the obtained casts. The experimental castings were made in ceramic moulds preliminarily heated to 180°C, into which alloy AZ91 with the addition was poured. Within the implementation of the research, a comparison was made of the microstructure and mechanical properties of the castings obtained in ceramic moulds cooled at room temperature and the ones intensively cooled in a cooling liquid. The kinetics and dynamics as well as the thermal effects recorded by the TDA method were compared. Metallographic tests were performed with the use of an optical microscope and the strength properties of the obtained castings were examined: UTS (Rm), elongation (A%), and HB hardness.
Introduction
The world trends in the transport industry are aiming at reducing fuel consumption, which is very significant from the point of view of ecology as well as economy. As a result of these pursuits, new materials for vehicle parts are being searched for, which would characterize in a relatively low mass, at the same time preserving their high mechanical properties. In the recent years, high interest has been raised by magnesium alloys [1] , which exhibit a relatively low density, owing to which the castings obtained from these alloys characterize in a low mass. Unfortunately, these alloys possess insufficient mechanical properties as compared with the commonly applied materials.
In order to improve their mechanical properties, magnesium alloys are enriched with various alloy additions [2] [3] [4] [5] [6] [7] [8] [9] 16] , including rare earth elements [10, 11] . In the recent years, research has been conducted, which confirms that a small amount of chromium and/or vanadium improves the properties of magnesium alloys [12] . With the purpose to improve the mechanical properties of these alloys, new technologies are being elaborated, which characterize in directional solidification [13, 14] or rapid crystallization caused by intensive cooling of the ceramic moulds [15] . The most popular technologies used to obtain titanium and aluminum castings are: SOPHIA® [16, 18] and HERO Premium Casting® [17, 18] .
The aim of this study is to examine the effect of intensive cooling of alloy AZ91 with Cr additions on the microstructure, mechanical properties and hardness HB of the experimental castings made in ceramic moulds intensively cooled in a cooling liquid. The obtained results of the tests on castings intensively cooled in a cooling liquid were compared with the ones for castings cooled at room temperature.
Test methodology
The research were performed on alloy AZ91 with the addition of 0.1 wt. % Cr. The chemical composition of the initial alloy AZ91 is presented in Table 1 . The alloy, according to the calculated burden, was enriched with an AlCr15 master alloy, whose chemical composition is presented in Table 2 . The alloy was melted in a laboratory crucible furnace with the capacity of 5 kg, in a steel crucible made of steel S235JRG2 (PN-EN 10025-2:2007). Inside the furnace, a protective gas atmosphere was used, consisting of a mixture of Ar + SF 6 under the pressure of 0.15-0.20 MPa. The gas flow equaled: 10 cm 3 /min for SF 6 and 500 cm 3 /min for Ar. Due to the high tendency of the introduced alloy addition for gravitational segregation, the magnesium alloy with the additions was intensively mixed in the crucible. The cylinder casting samples for strength tests were prepared in ceramic moulds made according to the investment casting technology. The prepared ceramic mould is presented in Figure 1 . The moulds were made from refractory materials Refracoarse (flour and sands). The configuration of the coatings and the types of the materials applied for the preparation of the ceramic moulds have been presented in the study [19] .
The moulds were fired at 960°C in a tunnel furnace, for their reinforcement. After the firing, the ceramic moulds were cooled to 180°C, and next filled with liquid metal of the temperature of 740°C ±5°C.
The moulds filled with the liquid metal, after the solidification of about 30% of the casting volume in a random microvolume of the cast, were submerged in a cooling agent at the rate of V = 0.08 m/s. The cooling agent used in the tests was a 20% solution of Polihartenol E8 in water, with the room temperature t r = 20°C. The solidification time of 30% of the casting volume in a random micro-volume of the casting was determined based on the performed simulation with the use of the Magma5 program. In the program, with the purpose of a correct simulation, the properties of magnesium alloys were defined on the basis of the data from the Magma5 system database: After the casting, the moulds which had been cooling down at room temperature, were placed on the cooling station.
The examinations of the process of solidification and crystallization of alloy AZ91 with alloy additions were performed in especially designed and constructed ceramic testers TDA10C-PŁ with the use of the TDA method. The construction of the testers and a diagram of the test station for the TDA method in the case of alloys cooling down at room temperature as well as the microstructures of the examined alloys AM60 and AZ91 have been presented in the study [20] . A diagram of the test station for the TDA method in the case of alloys intensively cooled in a cooling agent have been described in the study [15] .
Evaluation was performed with the use of the TDA method of the following thermal crystallization processes: solidification
On the derivation curve dt/dτ = f '(τ), the characteristic points were determined, which were then used to determine the thermal crystallization effects for the selected alloy: 
In order to make visible the particular phases in the microstructure, the microsections were etched in a reagent of the following composition: 1 ml acetic acid, 50 ml distilled water and 150 ml ethyl alcohol [21] . The microstructure of the examined alloys was observed by means of the optical microscope Nikon Eclipse MA200.
The examinations of the selected mechanical properties: ultimate tensile strength UTS (R m ), elongation A % were performed for samples rolled out of cylinder casts, according to the standard EN-ISO 6892/1, on the testing machine Instron 4485. The hardness measurements were conducted by the Brinell method, by way of determining the hardness HB with the loading force F = 490N, the penetrator (globule) diameter d = 2.5 mm and the load factor k = 10. A very strong effect on the alloy microstructure in the casting being free of porosity defects -caused by the penetration of the ceramic mould by water vapour -is exerted by the participation of a solid phase in the casting at the moment when intensive cooling of the mould begins. The performed simulation of the process of filling the ceramic mould and solidification of the alloy performed with the use of the MAGMA5 program, as well as the validation of the simulation results under laboratory conditions, made it possible to determine the time needed from the moment of filling the mould to the beginning of its submerging in the cooling agent. This time is necessary for the formation of a layer, solidified in the volume of the mould shaping the cast, which is strong enough to resist the partial pressure of the gases trying to reach the liquid alloy. Based on these tests, it was assumed that the formation of a 30% solid phase in the alloy, in the area of the mould shaping the cast, makes it possible to obtain cylinder castings without defects caused by porosity Figure 3a ,b show the simulation results for: the temperature distribution of alloy AZ91 after filling the mould for cylinder castings (a), the percentage of the solid phase in the volume of the casting made from alloy AZ91 (b). One can infer from the presented simulation of the temperature distribution of a cylinder casting right after the filling of the moulds (Fig. 3a) that the coolest areas of the casting are its edges. In these areas, the liquid alloy has the temperature within the range of 660.8-653.6°C. In the volume of the cylinder cast, after 20.5 s from the moment of casting (3b), large areas with an about 30% solid phase in the casting volume were observed. Figure 4a ,b shows the microstructure of alloy AZ91 with a chromium addition which was intensively cooled in the ceramic mould at room temperature. The alloy microstructure consists of the phases: α Mg + eutectic (α Mg + γ(Mg 17 Al 12 )) and AlCr 2 originating from the introduced alloy addition. Figure 5 shows the TDA characteristics of alloy AZ91 with a chromium addition, solidifying in a ceramic TDA tester at room temperature and intensively cooled in a 20% water solution of Polihartenol E8. Tables 3 and 4 Characteristic TDA points and their corresponding values: Characteristic TDA points and their corresponding values: Figure 6 shows a diagram of the tensile strength UTS of the initial alloy AZ91, AZ91 with a chromium addition cooled at room temperature as well as alloy AZ91 with a chromium addition intensively cooled in a water solution of Polihartenol.
b. TDA analysis
t = f (τ), dt/dτ = f '(τ), d 2 t/dτ 2 = f ''(τ), Z ≈ (d 2 t/t = f (τ), dt/dτ = f '(τ), d 2 t/dτ 2 = f ''(τ), Z ≈ (d 2 t/
Mechanical properties of the examined alloys
One can infer from the diagram shown in Figure 6 that the intensive cooling of the initial alloy AZ91 caused an increase of the tensile strength by 2 MPa, which constitutes an increase of the tensile strength of the casting by about 1.5%. Introducing chromium as an alloy addition in the amount of 0.1% caused an increase of the tensile strength of the alloy with a chromium addition by 6 MPa in respect of the initial alloy AZ91 cooled at room temperature, which constitutes an increase of the tensile strength of the casting by about 4.6%. Additionally, intensive cooling of alloy AZ91 with a chromium addition increased the mechanical properties of the casting by 9 MPa, which constitutes an increase of the strength of the casting by 7% in respect of the initial alloy AZ91 cooled at room temperature. Figure 7 shows a diagram of the elongation (A 5 ) of the initial alloy AZ91, AZ91 with a chromium addition cooled at room temperature as well as of alloy AZ91 with a chromium addition intensively cooled in a water solution of Polihartenol. One can infer from the diagram presented in Figure 7 that intensive cooling of the initial alloy AZ91 caused a reduction of elongation A 5 by 0.1%, which consitutes a reduction of the elongation of the casting by about 12%. Introducing a chromium addition and cooling the casting at ambienet temperature caused an increase of elongation A 5 by 0.5%, which constitutes an increase of the elongation value by 44%. In turn, intensive cooling caused a reduction of elongation (A 5 ) to the value of 0.9%. Figure 8 shows the distribution of hardness HB of the initial alloy AZ91, AZ91 with a chromium addition cooled at room temperature as well as alloy AZ91 with a chromium addition intensively cooled in a water solution of Polihartenol. Fig. 8 . Hardness HB of alloy AZ91, AZ91 with a chromium addition solidifying in a ceramic mould at room temperature and intensively cooled One can infer from the diagram of hardness HB shown in Figure 8 that intensive cooling of the initial alloy AZ91 caused an increase of hardness HB by about 8%. A similar effect was exerted by the addition of chromium to alloy AZ91. Intensive cooling of alloy AZ91 with a chromium addition increased hardness HB by 14% in respect of the initial alloy AZ91 cooled at room temperature.
Conclusions
One can infer from the performed research that the application of intensive cooling of alloy AZ91 with a chromium addition caused the following effects in respect of the initial alloy cooled at room temperature: • a shortened time of primary crystallization of alloys with a magnesium matrix by about 50%, • a size reduction of primary phase α Mg , of massive precipitations γ(Mg 17 Al 12 ) and of eutectic α + γ(Mg 17 Al 12 ),
• an increase of the strength properties UTS by about 7%, • an increase of hardness HB by about 14%, • no effect on the value of unit elongation (A 5 ).
